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Edited by Stuart FergusonAbstract Cytochrome c nitrite reductase is a multicenter en-
zyme that uses a ﬁve-coordinated heme to perform the six-elec-
tron reduction of nitrite to ammonium. In the sulfate reducing
bacterium Desulfovibrio desulfuricans ATCC 27774, the enzyme
is puriﬁed as a NrfA2NrfH complex that houses 14 hemes. The
number of closely-spaced hemes in this enzyme and the magnetic
interactions between them make it very diﬃcult to study the
active site by using traditional spectroscopic approaches such
as EPR or UV–Vis. Here, we use both catalytic and non-cata-
lytic protein ﬁlm voltammetry to simply and unambiguously
determine the reduction potential of the catalytic heme over a
wide range of pH and we demonstrate that proton transfer is
coupled to electron transfer at the active site.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Four classes of nitrite reductases have been identiﬁed. The
copper-containing and cytochrome cd1 enzymes reduce nitrite
to nitric oxide in a one-electron process. In contrast, the siro-
heme and cytochrome c (cc) nitrite reductases (NiR) both cat-
alyze the 6-electron reduction of nitrite to ammonium [1–4]. In
ccNiR, a single subunit NrfA houses the active site, a high-spin
heme with lysine axial ligand, and four hemes which are in-
volved in intramolecular electron transfer (ET). The proteins
from Desulfovibrio desulfuricans and Desulfovibrio vulgaris Hil-
denborough are co-puriﬁed with their physiological electron
donor, the tetraheme NrfH, as a 2:1 complex (NrfA2NrfH)
which contains 14 hemes [5] and dissociate under denaturing
conditions [5,6]. The very recently determined structure of
the complex from D. vulgaris Hildenborough conﬁrms the
overall stoichiometry and suggests a physiological
NrfA4NrfH2 organization [7,8].
In multi-heme nitrite reductases, the characterization of each
center using traditional spectroscopic methods proved very dif-*Corresponding author. Fax: +33 4 91 16 45 78.
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doi:10.1016/j.febslet.2006.12.023eties. Puﬁcult: the UV–Vis absorption bands are indistinguishable and
the information embedded in the EPR spectra is blurred by
strong intercenter spin–spin interactions. An early Mo¨ssbauer
study on the Desulfuricans specimen was consistent with the
enzymes containing six hemes [9]; these results were revisited
after the structure was determined [5], but some uncertainties
remain. Here, we demonstrate that it is possible to measure
the reduction potential of the catalytic heme in ccNiR relying
on electrochemistry instead of spectroscopic techniques. We
exploit the fact that only this heme can bind CO; this shifts
its reduction potential which can be measured by a diﬀerential
method. Moreover, we show that proton uptake is coupled to
ET at the active site of ccNiR.
For this, we use protein ﬁlm voltammetry, a technique where
the enzyme gives or receives electrons directly from the elec-
trode onto which it is adsorbed [10–12]. In the absence of sub-
strate, the current that results from the quasi-static,
stoichiometric oxidation or reduction of the redox sites is mea-
sured as a function of the electrode potential, allowing quick
titration of the enzyme. In the presence of substrate, the cata-
lytic process results in a steady-state electron ﬂow whose detec-
tion allows instantaneous measurement of turnover rates.
Catalytic electrochemical signals have been reported indepen-
dently for the ccNiRs from D. desulfuricans [13] and E. coli
[14,15]. Here we shall report on the former enzyme.
2. Materials and methods
Samples of ccNiR were prepared as described in Ref. [5]. The en-
zyme was assayed following, at 604 nm, the oxidation of the artiﬁcial
electron donor methyl viologen, previously reduced with zinc stones
(e604 = 13.6 mM
1 cm1). The assay mixture, at 20 C, contained
0.16 mM methyl viologen and 0.52 nM ccNiR in 0.286 M phosphate
buﬀer, pH 7.6 (total volume 2.5 ml). The reaction was started by the
addition of nitrite. All the activity assays were performed anaerobi-
cally.
Electrochemical measurements were carried out essentially as de-
scribed in Ref. [12], using an Autolab electrochemical analyzer
(PGSTAT12, Eco Chemie). Non-catalytic voltammograms were
recorded using the scan-gen module to apply a true analog sweep to
the sample. The ADC750 module and IR-drop compensation were
used for fast-scan experiments.
Protein ﬁlms were prepared by painting a freshly-polished pyrolytic
graphite edge (PGE) electrode with small amounts of stock solutions
of enzyme. For the experiments under catalytic conditions, where
low enzyme coverage is preferred to avoid mass transport limitations,
we made the ﬁlm with 0.5 ll of very dilute stock solution (1 lM); to
record non-catalytic data, we were able to optimize the electroactive
coverage by using a few ll of concentrated stock solution (100 lMblished by Elsevier B.V. All rights reserved.
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ferred into solutions containing no enzyme with very little loss in elect-
roactive coverage over time.
The electrochemical cell was always continuously ﬂushed with Ar by
bubbling the gas directly into the cell solution. The same buﬀer as that
present in the electrochemical cell, but saturated under 1 atm of CO at
20 C, was kept in a capped serum bottle. Aliquots of this solution
were injected into the electrochemical cell using gastight syringes. We
note xCO the volumic fraction that refers to the amount of solution in-
jected; it is also the ratio of the concentration of gas at time of injection
over the concentration under saturating conditions, xCO = CCO(t = 0)/
CCO(sat). Although xCO is dimensionless, its numerical value equates
the value of the corresponding partial pressure of CO in units of atm.
Eq. (2) was evaluated in the ﬁt procedure using routines taken from
the NUMERICAL RECIPES handbook. The data were analyzed
and ﬁt using an in-house program called SOAS.3. Results and discussion
When a ccNiR ﬁlm was made using a concentrated stock
solution of enzyme, the voltammetric signal obtained in the ab-
sence of nitrite showed a large peak as shown in Fig. 1. No
non-catalytic signals for ccNiR have been reported before.
The peak areas (in units of AV), determined after subtracting
the capacitive current, were identical for the oxidative and
reductive sweeps and proportional to scan rate m (Fig. S1, sup-
plementary information). Hence the faradaic current results
from the stoichiometric oxidation or reduction of the adsorbed
enzyme molecules. A residual, small peak separation was ob-
served even at the lowest scan rates. This is in contrast with
the ideal behavior predicted by Laviron [16], but often ob-
served for redox proteins adsorbed on graphite [17]. The peak
separation increased for m greater than m0  20 V/s (Fig. S2),
demonstrating facile interfacial ET (the ET rate constant at
zero overpotential is of the order of m0F/RT = 800 s
1) [16].
The non-catalytic data in Fig. 1 show that the contributions
of the 14 hemes overlap in a broad, unresolved peak. Not sur-
prisingly, its position exhibited a non-speciﬁc pH-dependence
of 48 mV/pH, with no deviation from linearity over 5 pH
units, whereas the pH dependence expected for a stoichiome-
tric one-electron one-proton process is 58 mV/pH at 20 C.
To assess the integrity of the adsorbed enzyme, we looked at
the magnitude of the steady-state catalytic current obtained
after adding 1 mM nitrite to a solution at pH 7, 20 C, in con-
tact with an enzyme-coated rotating electrode poised at low
potential (650 mV vs SHE). The enzyme coverage was esti-
mated from the area of the non-catalytic peak, taking intoFig. 1. Non-catalytic voltammograms for adsorbed ccNiR at pH 5.05
(blue), 7 (black) and 8.95 (red). The data were recorded with the same
protein ﬁlm transferred into diﬀerent buﬀered solutions. T = 20 C,
scan rate m = 100 mV/s.account that 14 electrons are transferred for the complete
oxidation or reduction of each NrfA2NrfH complex. Electrode
ﬁlms with AC  0.08 pmol of adsorbed enzyme gave low-po-
tential reductive currents of 25 lA; using the relationship
i = 6FACkcat this translates into a turnover number that is of
the order of about 540 s1, compared to 340 s1 in solution as-
says in the presence of reduced MV as electron donnor (at pH
7.6, 20 C, phosphate buﬀer).
We now investigate the kinetics of inhibition [12] of ccNiR
to demonstrate that exogenous CO binds to the catalytic heme.
The enzyme was adsorbed onto a rotating disc PGE electrode,
which was then immerged in a solution containing nitrite,
under 1 atm. of argon, and the electrode was poised at
200 mV vs SHE so that the enzyme reduces nitrite. The
curves in Fig. 2a show how the activity of ccNiR changes as
a function of time as a result of the injection in the solution
of diﬀerent amounts (xCO) of CO-saturated solution. The
activity was measured as a current and normalized by the value
measured in the absence of inhibitor (see uncorrected data in
Fig. S3). After the injection, the concentration of CO decreases
exponentially over time, with a time-constant that we note s, as
the electrochemical cell is always continuously ﬂushed with Ar
(see the discussion of Fig. 2 in Ref. [12]). The turnover rate
decreases after the injection of CO, slowly enough that the rate
of inactivation can be measured, and the activity is recovered
well after the inhibitor has vanished from the cell.
Assuming bimolecular inhibition kinetics, the dimensionless
fraction of enzyme in the active (CO-free) state, Ca, obeys:
dCa=dt ¼ kappi et=sCa þ kað1 CaÞ ð1Þ
The subscripts a and i stand for activation and inactivation: ka
is the ﬁrst-order rate of activation (CO release from the active
site), and kappi exp(t/s) is the pseudo ﬁrst-order rate of inacti-
vation (upon binding of CO), which decreases exponentially as
the bulk concentration of CO drops back to zero. The solution
of the diﬀerential Eq. (1) with the initial condition Ca(t = 0) = 1
gives the relative change in activity as a function of ka , k
app
i
and s:Fig. 2. (a) Change in activity following the addition in the electro-
chemical cell of diﬀerent amounts of CO, the concentration of which
decreases exponentially (s  20 s), and ﬁts to Eq. (2). The initial
concentration of CO was xCO = 0.016 (red), 0.031 (green), 0.059 (dark
blue), 0.082 (pale blue) and 0.098 (pink). (b) Dependence of kappi and ka
(in Eq. (2)) on the concentration of CO. pH 7, E = 200 mV vs SHE
[NO2 ] = 6lM, T = 20 C, x = 2 krpm, 1 atm. of Ar. In (c), the change
in second-order rate of inactivation, ki ¼ kappi /xCO, is ﬁt to Eq. (3).
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Note that there is no simple relation between the time at which
the activity reaches its minimum value and the time-constant s.
We ﬁt a number of data such as those in Fig. 2a to Eq. (2), to
determine kappi and ka under various conditions. The rate of
CO-release was found to depend only on temperature; the
average of all runs at 20 C gave ka = 4 ± 1 · 103 s1. The
pseudo ﬁrst-order, apparent rate of CO binding kappi was pro-
portional to the amount of CO injected (squares in Fig. 2b),
conﬁrming our assumption of bimolecular inhibition kinetics.
The second-order rate constant for CO binding ki, obtained
after division by the initial concentration of inhibitor, de-
creased as the concentration of nitrite increases, suggesting
that the substrate protects the active site against CO. Indeed,
the data could be ﬁt to Eq. (3) (which assumes the competitive
character of CO inhibition) with Km = 7 lM (as determined
independently in Fig. S4) and kmaxi ¼ 0:7 s1 atm1CO (Fig. 2c).
ki ¼ kappi =xCO ¼ kmaxi =ð1þ ½NO2 =KmÞ ð3Þ
This demonstrates that CO and nitrite bind to the same site:
the catalytic heme.
Beyond competing with nitrite in ccNiR, CO has also the
well-known eﬀect of shifting the reduction potential of ﬁve-
coordinated hemes it binds to [18]. We used this to discrimi-
nate the signature of the catalytic heme under the broad enve-
lope of the non-catalytic signal in Fig. 1, by looking at how the
shape of this signal is modiﬁed upon exposure to CO. We pro-
ceeded to the addition of CO-saturated solution while the elec-
trode potential was continuously swept forward and back at
m = 50 mV/s. When CO was added at the end of an oxidative
scan, no change was observed during the reductive scan that
followed immediately, but the magnitude of the current was
decreased on all subsequent sweeps, as illustrated in Fig. 3.
This can be easily explained by CO binding to the catalytic fer-
rous heme (at low electrode potential), shifting its reduction
potential outside the envelope of the non-catalytic data. The
electrode potential was then poised at +240 mV for 1 h under
1 atm. of Ar to favor the release of CO. After this treatment,
the initial magnitude of the non-catalytic peak was mainly
recovered and the electrode could be transferred into a solu-
tion at a diﬀerent pH to repeat the experiment. We note thatFig. 3. Non-catalytic voltammograms for adsorbed ccNiR before
(black trace) and after (colored traces) CO binding. The inset shows
the potential ramp that was applied, the star marks the moment CO
was added. pH 7, T = 20 C, m = 50 mV/s, xCO = 6 · 102, x = 2 krpm,
1 atm. of Ar. The blue trace is the diﬀerence ‘‘before-minus-after CO
addition’’.equilibrium is not maintained during this experiment: CO
binds to the heme when the electrode potential is low, but its
release is slow and the scan rate is high enough that binding
is essentially irreversible on the voltammetric time scale (about
1 min).
The diﬀerence between the non-catalytic data recorded be-
fore and after exposure to CO is enlarged ten times and plotted
in Fig. 3 (blue lines) with no other correction than gentle noise-
ﬁltering. Assuming that the redox interactions between the ac-
tive site and other hemes are reasonably small and that CO
binds only to the ﬁve-coordinated heme under the experimen-
tal conditions we used (this is discussed below), the diﬀerence
signal simply reveals the redox transformation of the catalytic
heme whose reduction potential is shifted upon binding of CO.
The width at half height of the diﬀerence signal (150 mV) was
greater than that expected for an ideal one-electron process
(90 mV); this may be a consequence either of the two catalytic
hemes in the NrfA2NrfH complex being slightly non-equiva-
lent, or of CO shifting the reduction potential of another
(non-catalytic) heme. However, we consider as very unlikely
that under the experimental conditions we used, CO binds to
a non-active-site heme and shifts its reduction potential for
the following reasons. (i) The magnitude and shape of the ‘‘be-
fore-minus-after-CO’’ diﬀerence Mo¨ssbauer spectrum in Ref.
[9] is consistent with only the catalytic heme binding CO. (ii)
If one (or several) bis-histidinyl hemes were disrupted by CO
binding, we would expect a resulting eﬀect on the activity; this
would be mostly apparent at high concentration of nitrite,
when the catalytic heme is protected by substrate while the
bis-histidinyl hemes are not, and this would result in a level-
ing-out of the rate of inhibition at high concentration of
nitrite. However, no signiﬁcant deviation from the power-law
decrease is observed in Fig. 2c, demonstrating that either CO
binding to the bis-histidinyl hemes has no eﬀect on the activity,
or that it simply does not occur. (iii) Last, the magnitude of the
diﬀerence voltammetric signal was typically 7–10 times smaller
than the initial peak; this is consistent with CO binding to 2
hemes out of 14 in each adsorbed NrfA2NrfH complex.
The diﬀerence-signal peak potential is the reduction poten-
tial of the catalytic heme, and its position (200 ± 20 mV at
pH 7, from the four independent runs in Fig. 4) is indeed fairly
consistent with the value deduced from the Mo¨ssbauer titra-
tion (100 mV) [9]. The ﬁt of the data in Fig. 4 to Eq. (4)
demonstrates that at pH lower than about 8, a single proton-
ation step is coupled to the reduction of the active site.
E0 ¼ E0alk þ
RT
F
lnð1þ 10ðpKa redpHÞÞ ð4ÞFig. 4. Change in reduction potential of the high-spin heme of ccNiR
as a function of pH, at T = 20 C. The error bars indicate the diﬀerence
in peak position for the reductive and oxidative scans.
Fig. 5. Voltammogram for ccNiR adsorbed at low coverage, before
(dashed line) and after (plain line, black) addition of 2 lM nitrite. pH
7, T = 20 C, m = 20 mV/s, x = 3 krm. The red trace is the background-
subtracted signal.
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that binds this proton and delivers it to the heme–substrate
complex during turnover.
The voltammetric data in Fig. 5 show how the steady-state
activity of the enzyme depends on the electrode potential. This
complex signal is essentially the same as that reported for the
E. coli enzyme [14,15]. In particular, the steepness of the signal
at the onset of activity (at about 100 mV) is close to that
anticipated for a concerted two-electron process. This was said
to demonstrate that the reductions of the catalytic heme and of
its nearest neighbour (heme 3) occur in a cooperative two-elec-
tron process [14,19]. However, the position of a catalytic wave
at low substrate concentration need not be simply related to
the reduction potential of the active site (see e.g. the discussion
of Eq. (2a) in Ref. [20]) and there is no demonstration so far
that the presence of a relay mediating electrons to/from an ac-
tive site may sharpen the catalytic wave (on the contrary, slow
intramolecular ET is expected to broaden the signal, see Ref.
[21]). Alternatively, the steepness of the catalytic signal for ni-
trite reductase may simply reveal the cooperativity of two suc-
cessive electron transfers to the active site bound to partly-
reduced species during the six-electron reduction of nitrite.
Since the active-site/substrate complex can accumulate up to
seven electrons (from oxidized catalytic heme bound to nitrite
to reduced heme bound to ammonium), the cooperativity of
the catalytic wave could be explained without considering
the hemes around the active site. Our independent determina-
tion of the pH-dependent reduction potential of the active site
will therefore be useful to interpret the catalytic voltammetry
and, ultimately, to understand the catalytic mechanism of
ccNiR.
Beyond the electrochemical method we have proposed, it
should also be possible to use the eﬀect of CO-binding in
potentiometric titrations, to maintain the ﬁve-coordinated
heme reduced upon chemical reoxidation of the sample.
This may greatly simplify the pattern of magnetic interac-
tions and facilitate the assignment of the EPR spectral lines.
This approach could also prove useful for studying other
multi-heme enzymes that house a ﬁve-coordinated catalytic
heme.
Acknowledgements: This work was partially funded by an Action Uni-
versitaire Inte´gre´e Luso-Franc¸aise (F11/05) and by Fundac¸a˜o para a
Cieˆncia e Tecnologia (POCI/ QUI/ 58026/ 2004). We also thank the
City of Marseilles for ﬁnancial support.Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.2006.
12.023.References
[1] Moura, I. and Moura, J.J.G. (2001) Structural aspects of
denitrifying enzymes. Curr. Opin. Chem. Biol. 5, 168–175.
[2] Cunha, C.A., Macieira, S., Dias, J.M., Almeida, M.G., Gonc¸al-
ves, L.L., Costa, C., Lampreia, J., Huber, R., Moura, J.J.G.,
Moura, I. and Roma˜o, M.J. (2003) Cytochrome c nitrite
reductase from Desulfovibrio desulfuricans ATCC 27774. The
relevance of the two calcium sites in the structure of the catalytic
subunit (NrfA). J. Biol. Chem. 278, 17455–17465.
[3] Einsle, O., Messerschmidt, A., Stach, P., Bourenkov, G.P.,
Bartunik, H.D., Huber, R. and Kroneck, P. (1999) Nature 400,
476–480.
[4] Einsle, O., Messerschmidt, A., Huber, R., Kroneck, P.M.H. and
Neese, F. (2002) Mechanism of the six-electron reduction of
nitrite to ammonia by cytochrome c nitrite reductase. J. Am.
Chem. Soc. 124, 11737–11745.
[5] Almeida, M.G., Macieira, S., Gonc¸alves, L.L., Huber, R., Cunha,
C.A., Roma˜o, M.J., Costa, C., Lampreia, J., Moura, J.J.G. and
Moura, I. (2003) The isolation and characterization of cytochrome
c nitrite reductase subunits (NrfA and NrfH) from Desulfovibrio
desulfuricans ATCC 27774. Re-evaluation of the spectroscopic
data and redox properties. Eur. J. Biochem. 270, 3904.
[6] Pereira, I.A., LeGall, J., Xavier, A.V. and Teixeira, M. (2000)
Biochim. Biophys. Acta—Protein Structure and Molecular Enzy-
mology 1481, 119–130.
[7] Rodrigues, M.L., Oliveira, T., Matias, P.M., Martins, I.C.,
Valente, F.M.A., Pereira, I.A.C. and Archer, M. (2006) Crystal-
lization and preliminary structure determination of the mem-
brane-bound complex cytochrome c nitrite reductase from
Desulfovibrio vulgaris Hildenborough. Acta Cryst. F. 62, 565–568.
[8] Rodrigues, M.L., Oliveira, T.F., Pereira, I.A. and Archer, M.
(2006) X-ray structure of the membrane-bound cytochrome c
quinol dehydrogenase NrfH reveals novel haem coordination.
EMBO J. 25, 5951–5960.
[9] Costa, C., Moura, J.J.G., Moura, I., Wang, Y. and Huynh, B.H.
(1996) Redox properties of cytochrome c nitrite reductase from
Desulfovibrio desulfuricans ATCC 27774. J. Biol. Chem. 271,
23191–23196.
[10] Le´ger, C., Elliott, S.J., Hoke, K.R., Jeuken, L.J.C., Jones, A.K.
and Armstrong, F.A. (2003) Using protein ﬁlm voltammetry to
study redox enzymes and their mechanisms. Biochemistry 42,
8653–8662.
[11] Armstrong, F.A. (2005) Recent developments in dynamic elec-
trochemical studies of adsorbed enzymes and their active sites.
Curr. Opin. Chem. Biol. 9, 110–117.
[12] Le´ger, C., Dementin, S., Bertrand, P., Rousset, M. and Guigliar-
elli, B. (2004) Inhibition and aerobic inactivation kinetics of
Desulfovibrio fructosovorans NiFe hydrogenase studied by protein
ﬁlm voltammetry. J. Am. Chem. Soc. 126, 12162–12172.
[13] Moreno, C., Costa, C., Moura, I., LeGall, J., Liu, Y., Payne,
W.J., van Dijk, C. and Moura, J.J.G. (1993) Electrochemical
studies of the hexaheme nitrite reductase from Desulfovibrio
desulfuricans ATCC 27774. Eur. J. Biochem. 212, 79–86.
[14] Angove, H.C., Cole, J.A., Richardson, D.J. and Butt, J.N. (2002)
Protein ﬁlm voltammetry reveals distinctive ﬁngerprints of nitrite
and hydroxylamine reduction by a cytochrome c nitrite reductase.
J. Biol. Chem. 277, 23374–23381.
[15] Gwyer, J.D., Richardson, D.J. and Butt, J.N. (2005) Diode or
tunnel-diode characteristics? Resolving the catalytic consequences
of proton coupled electron transfer in a multi-centered oxidore-
ductase. J. Am. Chem. Soc. 127, 14964–14965.
[16] Laviron, E. (1979) General expression of the linear potential
sweep voltammogram in the case of diﬀusionless electrochemical
systems. J. Electroanal. Chem. 101, 19–28.
[17] Armstrong, F.A., Camba, R., Heering, H.A., Hirst, J., Jeuken,
L.J., Jones, A.K., Le´ger, C. and McEvoy, J.P. (2000) Fast
288 M.G. Almeida et al. / FEBS Letters 581 (2007) 284–288voltammetric studies of the kinetics and energetics of coupled
electron-transfer reactions in proteins. Faraday Discuss 116, 191–
203.
[18] Pilet, E., Jasaitis, A., Liebl, U. and Vos, M.H. (2004) Electron
transfer between hemes in mammalian cytochrome c oxidase.
Proc. Natl. Acad. Sci. USA 101, 16198–16203.
[19] Mowat, C.G. and Chapman, S.K. (2005) Multi-heme cyto-
chromes: new structures, new chemistry. Dalton Trans., 3381–
3389.[20] Frangioni, B., Arnoux, P., Sabaty, M., Pignol, D., Bertrand, P.,
Guigliarelli, B. and Le´ger, C. (2004) In Rhodobacter sphaeroides
respiratory nitrate reductase, the kinetics of substrate binding
favors intramolecular electron transfer. J. Am. Chem. Soc. 126,
1328–1329.
[21] Le´ger, C., Le´derer, F., Guigliarelli, B. and Bertrand, P. (2006)
Electron ﬂow in multicenter enzymes: theory, applications and
consequences on the natural design of redox chains. J. Am. Chem.
Soc. 128, 180–187.
